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This paper describes ozone profiles from sonde data during the period of NASA’s TRACE-A 

and the more recent SHADOZ (Southern Hemisphere Additional Ozonesondes) period. 
The data were taken by the South African Weather Service at the Irene (25’54’s; 28O13’E) 
station near Pretoria, South Africa, an area that is a unique mixture of local industry, heavy 
biofuels use and importation of biomass burning ozone from neighboring countries to the 
north. The main findings are: 
(1) With its geographical position at the edge of the subtropical transition zone, mid- 
latitude dynamical influences are evident at Irene, predominantly in winter when upper 
tropospheric ozone is enhanced as a result of stratospheric-tropospheric exchange. 
(2) There has been an increase in the near-surface ozone amount between the early 1990s 
and a decade later, presumably due to an  influx of rural population toward the 
Johannesburg-Pretoria area, as well as with industrial growth and development. 
(3) Most significant for developing approaches for satellite ozone profile climatologies, 
cluster analysis has enabled the delineation of a background and ‘most polluted’ profde. 
Enhancements of at least 30% occur throughout the troposphere in spring and in certain 
layers increases of 100 % are observed. 
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Ozonesonde measurements over Irene in South Africa are reported for the period 1990 to 
1994 and a more recent period, 1998 to 2002, when the station became part of the SHADOZ 
network. Irene dwplays the characteristic Southern Hemisphere sprin/gtime tropospheric ozone 
maximum but its seasonal features are modulated by both tropical and mid-latitude influences 
due to its subtropical location (25'54's; 28'13'E). The tropical savanna biomass burning 
signature, viz. the spring maximum, is less developed than at stations further north in Africa, 
although long-range transport and re-circulation in the subtropical anticyclonic gyre over 
southern Africa pennit the build-up of relatively high springtime tropospheric ozone. Mid- 
latitude dynamical influences are evident, predominantly in winter when upper t.npcq~hei-ic 
cz(;iic is ed-mceci as a resuit of stratospheric-tropospheric injection of ozone. Urban- 
industrial sources are also s i d c a n t  and most likely account for the observed increase in 
surface and lower tropospheric ozone between the two time periods. A classification of ozone 
profiles using a cluster analysis has enabled the delineation of a background and 'most 
polluted' profile. Enhancements of at least 30% occur throughout the troposphere in spring 
and in certain layers increases of 100 % are observed. The classification results substantiate 
the findings for Johannesburg located close to Irene, based on MOZAIC data. 

--introduction---------- 

Ground based measurements, such as ozonesondes, provide detailed information on the 
vertical distribution of ozone in the troposphere and lower stratosphere. They have been used 
to provide insights into ozone trends and dynamical and photochemical processes. However, 
the paucity of stations in some regions, particularly in the Southern Hemisphere and the 
tropical and subtropical latitudes, has hampered investigations. Against this background, the 
Southern Hemisphere Additional Ozonesondes (SHADOZ) project was initiated in 1998 to 
augment the fiequency of ozonesonde launches at existing stations. Irene (25"54'S; 28'13'E) 
in South Africa became part of the SHADOZ network in October 1998 and ozonesonde 
launches have continued on a bi-monthly basis till the present. Tropospheric ozone variations 
at SHADOZ stations, including Irene, have been reported by Thompson et al. [2003a,b]. 

Prior to becoming part of the SHADOZ programme, regular weekly ozonesonde launches 
were made at Irene from June 1990 to August 1993, but were curtailed at the end of the 
SAFARI-92 (Southern African Fire-Atmosphere Research Initiative)/TRACE-A (Transport 
and Atmospheric Chemistry near the Equator-Atlantic) campaigns. General characteristics of 
tropospheric ozone from this earlier period have been described by Zunckel et al. [ 19921 and 
within the context of the SAFARI-92 by Diab et al. [ 1996a,b] and Thompson et al. [ 19961. A 
few launches were undertaken in May 1994 as part of SA'ARI-94 (southern African 
Atmospheric Research Initiative), to characterize the vertical distribution of trace gases and 
aerosols during the non-fire season and have been reported by Helm et al. [ 19951. These 
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the two time periods highlighted. The influence of synoptic weather systems on ozone 
concentrations is reported, emphasizing the dominance of the subtropical anticyclonic re- 
circulation on the enhancement and vertical stratification of ozone, and the role of mid- 
latitude cyclones on STE and the invasion of relatively clean, ozone-poor air fiom the Atlantic 
Ocean. Finally, results of a classification of ozone profiles similar to the study undertaken by 

soundings also formed the basis of an analysis of stratospheric-tropospheric exchange (STFi) 
by Combrink et al. [ 19981. 

A measure of total tropospheric ozone (TTO) was obtained by integrating the ozone 
concentration from the d a c e  to 16 km. A threshold of 16 km, although not necessarily 
corresponding exactly with the height of the meteorological or chemical tropopause has been 
found to be appropriate for estimating TTO and has been used before [Diub et al., 1996a1. 
The troposphere was also apportioned into 2 km layers and ozone within each layer estimated. 

A classification of SHADOZ ozone profiles from the late 1998 through 2002 period using a 
cluster analysis was undertaken in the manner described by Dub et al. [2003]. The intention 
was to seek pattern and order in the omne profiles and to determine mean profiles 
representative of background and highly polluted conditions. A generic cluster analysis 
technique available as part of the SPSS package (Statistical Package for the Social Sciences, 
Version 1 1, 2001) was utilized. It represents an agglomerative technique rather than the 
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divisive classification of TWINSPAN (Two Way Indicator Species Analysis) utilized in the 
first study by Diab et al. [2003] for Johannesburg. A comparison of the results using these 
different techniques concluded that the agreement was significant at the 95% level [Ramsay, 
2003; Ramsay et al., 20041. As an agglomerative technique, SPSS is based on the fusion of a 
set of n entities into groups according to the difference between the units being clustered. A 
Euclidian distance measure is considered the most appropriate measure when all the variables 
are quantitative [Abeyasekera, 20021. The method of clustering that was used in this study 
was the within-group linkage, which involves the addition of an element to the group that will 
result i n the smallest increase i n  the total within-group distance. In  the c lassification, only 
data between the surface and 12 km were utilized in order to retain compatibility with the 
study of D iab et a 1. [2003] based on MOZAIC Weasurement of 0 zone and Water Vapor 
aboard In-service Aircraft) data. 

Context: Climate and Regional Sources of Ozone Precursors 

Irene's subtropical location ("I" in Figure 1) means that the atmospheric circulation is 
dominated by the subtropical anticyclone, which at the surface is centered at -32"s in summer 
and about 6" fuaher north in winter [Taljaard, 19531. Large scale subsidence and re- 
circulation within the subcontinental scale anticydonic =gyre r ~ ~ p ~ n ~ i b l ~  f a  5 s  bu26-x- Y 

of pollutants over long periods of time and large spatial scales [Garstang et al., 1996; Tyson 
et al., 1996; Piketh et al., 20021. The result is the formation of a widespread haze layer over 
the Afiican subcontinent that extends to a depth of -5 km and is capped by a persistent 
absolutely stable layer produced by subsidence within the subtropical anticyclonic circulation 
[Cosijn and Tyson, 19961. During SAFARI-92, conditions suited to the collection of ozone as 
a result of the persistent stable layers lasted for 40 days (Garstang et al., 19961. The 
anticylonic pattern is particularly dominant during autumn and winter and has a 79% 
frequency in June and July and an 1 1 % frequency in December [ Tyson and Preston- Whyte, 

^ 2 0 6 0 ] ; ~ c ~ ~ ~ a a l n > I ~ ~ a ~ ~  - 

westerly waves that traverse the southern section of the subcontinent causing the 5 km 
absolutely stable layer to dissipate. 

Within the haze layer, trace gases and aerosols are re-circulated until ultimately they exit the 
subcontinent towards the east as a giant plume (Figure I), approximately 1000 km wide, and 
centred at 3 1 "S along the east coast [Garstung et al., 1996; Tyson et al., 19961. Irene is 
situated to the north of this plume. More than 75% of the transport off the subcontinent 
between the surface and 500 hPa is directed towards the east [Tyson et al., 19961. 

During summer, Irene comes under the influence of the tropical easterlies, which penetrate 
southwards as the Intertropical Convergence Zone (ITCZ) shifts mendionally. Easterly winds 
from the Indian Ocean cause moist air to be advected across the station. In summer, intense 
convective activity is a common mid-afternoon phenomenon that could give rise to the rapid 
vertical redistribution of surface-generated pollutants and possible enhancement of ozone 
production in the mid- to upper troposphere as noted by Pickering et al. [ 1990; 1993; 19961. 
Lightning activity, which frequently accompanies these convective storms, could also lead to 
upper tropospheric ozone enhancement as noted by De Caria et al. [2000]. 

In terms of regional sources of tropospheric ozone precursors, it is noted that Irene is located 
on the eastern side of the African subcontinent to the south of the main biomass burning 
region over Afiica. The burning pattern spreads from west to east across the continent (Figure 
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1) as the dry season progresses fkom June to October [Cahoon et al., 19921. Isolated fires 
extend fairly far south (-2O"S), however, greater ozone enhancement is expected hrther 
north. This has been confirmed by Kirhm et al. [2000], who on the basis of aircraft 
sampling south of latitude 15% during SAFAFU-92, noted highest ozone values over a grid 
square in north-east Zimbabwe (between 15-20"s and 30-35"E). Recently, based on 
ozonesonde launches at Lusaka (1 5'30's; 28OE) as part of SAFARI-2000, Thompson et al. 
[2002] reported very high surface ozone values and total tropospheric ozone (TTO) greater 
than 50 Dobson Units (DU; 1 DU = 2.69 x loi6 moVcm2). They suggested that Zambia is a 
collector area for regional pollution. Indeed, one of the most polluted Irene profiles is 
compared with a typical springtime Lusaka profile [Fig. 2 in Thompson et al., 20021 and 
shows Irene to be much cleaner. Notwithstanding these observations, Irene is still likely to 
experience the impact of biomass burning through long-range transport in the anticyclonic 
gyre. The results of SAFARI-2000, conducted after an anomalously wet period, served to 
underscore the importance of biomass burning on the southern Afiican subcontinent [Swap et 
al., 2003al. 

Urban-industrial sources in the region are also significant. Irene is situated between the large 
urban-industrial complexes of Pretoria and Johannesburg ("Y in Figure l), and is also -100 
km downwind of the major power generating region of South Africa where 11 large coal 

biofbels also contributes to emissions of ozone precursors in the region. Both industrial and 
domestic emissions peak in winter. 

genergh&g p ~ ~ / e r  p!z~& (-3Q t ~ k l  pe~zh&g ~ 2 p ~ i Q )  sjbatcd. ~ ~ ~ e ~ t i _ ~  f i ~ g e  of 

The importance of biogenic (vegetative and microbial) emissions has recently been 
emphasized by Swap et d. (2003b). It was suggested that the rapid release of NO, and 
hydrocarbons following the onset of the first spring rains, referred to as 'pulsing', was more 
important in the tropospheric ozone budget than previously thought. 

- - _ _ _ _ _ ~  

Seasonality in Total Tropospheric Ozone 
I 

Monthly variations in ?TO (surface to 16 km) and integrated ozone within 2 km layers are 
depicted in Figures 2 and 3 respectively. A spring maximum in ?TO is evident and confirms 
the well established Southern Hemisphere seasonal trend observed at many stations, for 
example Natal in Brazil (5.9OS; 35.2"W) [Kirchhofet al., 1991 1, Brazzaville in the Congo 
(4"s; 15"E) [ Cros et al., 1992; Nganga et al., 1996; Diab et al., 1996a; Thompson et al., 
19961, Ascension Island (8"s; 14"W) [Cros et al., 1992; Diab et al., 1996a1, Reunion Island 
(21"S, 55"E) [Bala'y et al., 1996; Taupin et al., 19991 and Watukosek in Indonesia 
(7S0S;112.6"E) [Komala et al., 1996; Fujiwara et al., 1998, 1999,20001. The spring 
maximum has been variously attributed to photochemical sources such as biomass burning, 
biogenic emissions and lightning production, as well as to stratospheric injection of ozone- 
rich air, or some combination of the above. The relative importance of these sources has not 
been specifically addressed in these papers. However, a recent modelling study by M Q . u ~ ~  ef  
al. [2000], suggested that over Africa, pyrogenic sources, including biomass burning, 
accounted for 16% of tropospheric ozone abundance on an annul basis compared with 26% 
by stratospheric input. Urban-industrial sources were estimated to contribute 19%, biogenic 
sources 12% and lightning 27%. 

The same spring maximum is evident in each 2 km-layer below 10 km (Figure 3a-e). In the 
lower troposphere (< 4 km) (Figure 3a-b), ozone values are fairly steady in the first half of the 
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year and start to rise in mid-winter (July), peak in spring and then level off again. The 4-6 km 
and 6-8 km layers display particularly well developed seasonal cycles with amplitudes of -3.5 
DU (Figure 3c-d). A secondary maximum is observed in late summer (FebruaryMarch) for 
each of these mid-tropospheric layers (4-6 km and 6-8 km). This finding supports the results 
of Diab et al. [2003] who found a summertime mid-tropospheric ozone maximum between 6 
and 8 km at Johannesburg, which is located close (< 50 km) to Irene. Above 10 km, the 
seasonal cycle is not well defined and there is no clear ozone maximum (Figure 3f-h). 

The secondary maximum present in the 4-6 km and 6-8 km layers is not reflected in the 'IT0 
record of Irene, in contrast to the pattern at Brazzaville and Ascension where secondary 'IT0 
maxima were observed in MarcldApril and were attriiuted to Northern Hemisphere biomass 
burning [Diab et al., 1996a1. The southwards movement of the ITCZ, particularly the Zaire 
Air Boundary (ZAB), during summer to almost 20's [Taljaard, 19721 means that Southern 
Hemisphere stations close to the equator can easily come under the influence of Northern 
Hemisphere biomass burning at this time of the year. 

Comparing results between the earlier period (1 990-1 994) and the more recent period (1 998- 
2002) for 'IT0 and 2-km layers (Figure 2), it is noted that the maximum has shifted from 
September to October and has increased by up to 2 DU. It has also changed from a broadly 
based m_aximim extending finm Septem-her tn N~vemher 111 the early period to a dishnct 
October maximum in the recent period. Below 8 km, values differ little between the two 
periods with the exception of the October increase, Indeed, the October increase is best 
developed between the surface and 2 lan and 2-4 km, suggesting that surface-based 
photochemical sources are largely responsible for the increase. In the 8-10 km and 10-12 km 
layers, values have increased little (generally -1 DU) over the greater part of the year 
(between May and December). A slightly greater difference is observed in the upper 
troposphere, between 12 and 16 km, particularly between June and October. 

. .  

--___-- 
I F i g u r e  4 s u m m a h s  the S ~ ~ S O M ~  i r p f u m m q m - € r e n c d ~ t h & ~ Z p e G d .  

Five years of monthly averaged ozone mixing ratios based on 0.25 km means are illustrated. 
The variable tropopause is most apparent. Referring to the 100-130 ppbv contours as the 
'tropical tropopause layer' (or TTL.), it is noted that the January-February TTL is above 15 
km. The altitude of the ?TL, on average, declines through the year, reaching a minimum 
around 12 lan in October. The latter marks the end of the winter and spring transition season 
when breaks or folds in the tropopause in association with the subtropical jet pennit ozone- 
rich stratospheric air to penetrate into the troposphere [ B Q T - ~  et aL, 19981. 

Most of the free troposphere over Irene is typified by 55-65 ppbv. This is modified by the 
injection of lower values (45-55 ppbv contours up to 8 km) in May, which marks the season 
when relatively low ozone maritime air masses are advected across the subcontinent in 
association with mid-latitude westerly waves. Pollution from biomass fires, both regional and 
imported from countries to the north [Thompon et a l ,  20021, as well as lightning from the 
nascent wet season and biogenic emissions, contribute to the higher ozone throughout the 
lower troposphere during the August through November period. 

In comparison with other Southem Hemisphere stations, for example Reunion [ B ~ l d y  et al., 
1996; Diab et al., 19981, Okaukuejo and Brazzaville [Diab et al., 1996a1, where seasonal 
ranges in TTO were estimated fkom satellite data, the seasonal range in TTO at Irene is 
relatively small (1 3.1 DU in the earlier period and 1 9.7 DU between 1998 and 2002 (Figure 
2). The largest annual range (34 DU) is observed at Reunion. Irene appears to be less 
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influenced by a SeaSOMlly varying tropospheric source of ozone such as biomass burning than 
stations that are further to the north and closer to the major regions of biomass burning on the 
African subcontinent [Diab et al., 1996al or stations that are situated downwind of major 
source regions, such as Reunion. It is also possible that a non-seasonally fluctuating source 
such as urban-industrial emissions is dominant at Irene due to its location close to two major 
metropolitan areas. 

Vertical Distribution of Tropospheric Ozone 

Mean annual and mean seasonal tropospheric ozone profiles fiom the two time periods (1 990- 
1994 and 1998-2002) are displayed in Figure 5. Surface ozone values are consistently greater 
in the more recent period by about 10 ppbv (except in summer) and most likely reflect the 
increased contribution fiom anthropogenic sources. It is assumed that urban-industrial 
emissions of ozone precursor gases would have increased over this period as a result of an 
increase in population in the greater metropolitan Pretoria area (within which Irene is located) 
ftom -0.5 million in 1991 [National State of the Environment Report, 19981 to a population of 
- 2 million according to the latest census statistics [Statistics South Afi-rca, 20011 and a 
consequent increase in industrial and vehicular activity. A Similar trend was noted by Zunckel 
et al. [ 19921 in a comparison of ozone profiles between the 1960s and the early 1990s and 
was attributed to an increase in urban-industrial emissions. The absence of a surface trend in 
summer suggests that a non-summer source, for example emissions from domestic cooking 
and heating, is responsible for the increase. Indeed, the use of biofbels, particularly the 
burning of coal for domestic cooking and wintertime heating, is recognised as a significant 
contributor to air pollution in the greater Pretoria area 
[ h t t p : / h .  iclei. ordcities2l/~retoriia 04. However, it is well known that more favourable 
near-surface dispersion conditions in summer [Tyson et al., 19761 would lessen the impact of 
increased emissions fiom whatever source and this could account for the absence of a summer 
-tre- ~ _ _ _ -  -_ 

It is also noted fiom Figure 5 that there has been an increase in ozone in the upper troposphere 
(> 10 km) in the winter months. The most likely source of a winter upper tropospheric 
enhancement is STE. With the limited data to hand, however, it is not possible to state 
whether the frequency of such events has increased over time. 

Composite plots of seasonal profiles (Figure 6)  show that throughout the troposphere, mean 
spring values are enhanced by about 20 ppbv compared with the average during the remainder 
of the year. There is a remarkable consistency in the vertical profiles up to 10 km outside of 
the spring season. Mean ozone values range between 40 and 60 ppbv, suggesting that this is 
the average background tropospheric loading, which increases during spring when a 
temporally varying source such as biomass burning accounts for the seasonal enhancement. 
Above 10 km, there is less seasonal consistency. However, the higher ozone values in winter 
and spring (Figure 5) are possible evidence of greater STE activity, which is known to 
&mise in these seasons [Poulida et ai., 1996; Baray et ai., 1998; Gouget, 19991. 

Influence of Synoptic Weather 

There is considerable variability in the vertical distribution of ozone (Figure 7). Maxima 
approaching 150 ppbv and occasionally 200 ppbv are common (except in summer), mainly in 
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the mid- to upper-troposphere. These appear as yellow and orange features above 8 km in 
Figure 7 .  In summer, there is a relatively tight envelope of profiles surrounding the mean, 
indicative of a consistency in the origin of tropospheric ozone. It is well known that 
tropospheric ozone amounts fluctuate in response to weather changes [Diab et al., 1992; 
Barsby and Diab, 1995;’Diab et al. , 1996b; Tyson et al., 19971. Strongly stratified ozone 
profiles occur in association with anticyclonic circulations, with peaks in ozone coinciding 
with absolutely stable layers. In cases where these layers are at least 0.25 lan thick, they 
appear in Figure 7, sometimes as isolated blue or green features. Uniformly low ozone 
profiles occur in association with the passage of a mid-latitude westerly wave in which 
‘ozone-poor’ air from the South Atlantic Ocean is advected across the country. In the lower 
troposphere, the mixing ratios are well under 50 ppbv, appearing as blue or purple in Figure 7. 

During the SAFARI-2000 campaign (September 2000), there was opportunity to examine 
day-today variability inherent in ozone profiles over Irene (Figure 8). Given the magnitude of 
changes at various altitides within the sequence illustrated, the difficulty of summarizing the 
vertical distribution in terms of a mean profile are obvious. For example, in the lower 
troposphere (< 5 km), ozone increased from -50 ppbv to -90 ppbv in 3 days (1-4 September 
i.e. a rate of increase of -17 ppbv/day). This is the scale of photochemical ozone formation in 
the 0-4 km altitude range over southern A6ca observed during SAFAEU-92/TRACE-A 
[Jacob et al., 1996; Iliompson et al., 19961. On 8 September, upper tropospheric ozone 
increased by almost 100 ppbv compared with the previous day, whilst values below 10 lan 
remained almost unaffected. Similar changes were observed over Lusaka in a series of daily 
launches between 6 and 11 September 2000 [Thompson et al., 20021. 

The variability poses a challenge in the estimation of a mean profile and a concern as to what 
it represents. The next section presents results of a cluster analysis, in which profiles were 
grouped according to the magnitude and altitude of ozone maxima and minima in order to 
discern meaningful patterns inherent in the data. 

___  ______ -- ____ 

Results of the Classification of Ozone Profiles 

Results of the application of a cluster analysis to Irene ozone profiles are displayed in Figure 
9. A full discussion of t  he results and a c omparison with c lassification results obtained a t  
Johannesburg using MOZAIC data and a different cluster analysis technique [Diab et al. 
20031 are given by Ramsay E20031 and Ramsay et al. [2004]. For the purposes of this paper, it 
is pertinent to highlight 4 relevant patterns, although 6 distinct groups of Irene ozone profiles 
were identified. 

The first and dominant pattern is that represented in Figure 9a. This group comprises 48% of 
all profiles and is arguably the ‘typical’ or most representative Irene ozone profile (compare 
with mean profile in Figure 5). Interestingly, this pattern of vertical ozone distribution occurs 
throughout the year and is characterized by a steady rise in ozone concentration from a mean 
surface value less than 30 ppbv to a mean of 70 ppbv at 12 km, although individual values at 
this level tend to approach 90 ppbv. This pattern is most similar to the profile named ‘steady 
tropospheric increase’ by Diab et al. [2003] at Johannesburg. Identification of a ‘typical’ 
pattern is useful in that it represents the norm and may be more valuable than the mean 
because it is not obscured by extreme values. 
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A second group, distinguished from the former by the marked increase in ozone that occurs in 
the upper troposphere (> 9 km), is presented in Figure 9b. Mean ozone values above 100 ppbv 
and individual values that approach 120 ppbv characterize the upper troposphere. The 
dominance of winter profiles (> 50%) in this group suggests a relationship with a lowered 
tropopause andor an increased occurrence of STE. This is most likely an expression of 
Irene’s subtropical location where mid-latitude influences are experienced to a greater extent 
in winter as the mid-latitude westerlies and associated frontal patterns shift northwards. 
However, it is i mportant to note that whatever the process that is giving rise to enhanced 
upper tropospheric ozone, it is not confined to the winter season. Indeed, 21% of the profiles 
occur in spring and 14% each from summer and autumn. A comparison between this profile 
and the m ean w inter profile for the recent SHADOZ (1 998-2002) p eriod presented e arlier 
(Figure 5) highlights this distinction. The latter is a profile dominated by a temporal period 
(winter in this c ase), whereas the former profile is most 1 ikely the product o f a particular 
process that occurs predominantly in winter but can occur at other times throughout the year 
as well. 

The next group of interest is that denoted by Figure 9c as it represents background 
tropospheric ozone conditions at Irene and therefore provides a usehl baseline against which 
to evaluate seasonal or episodic enhancements. Mean ozone values are less than 50 ppbv 
throughout most of the troposphere (< 10 km) and display relatively little variability about the 
mean. Profiles occur preferentially in autumn (60%), which is not unexpected as this is the 
season of lowest TTO values (Fig. 2). Comparison with the mean autumn profile (Figure 4), 
however, shows this group to be cleaner (less polluted) as individual polluted profiles have 
been removed h m  the group. 

A fourth c ategory i s that which represents the most polluted conditions i n  the troposphere 
(Figure 9 d). C haracteristic features are the elevated s d a c e  ozone values ( > 4 5 ppbv) and 
consistently high mean ozone values (70-80 ppbv) above 2 km. As expected, this category is 

with the spring mean from the recent period (Figure 5)  reveals differences, which again 
highhghts the benefits of delineating the most polluted profiles as a separate grouping by 
means of a classification procedure. 

dominated by spring r ~ ~ ~ ~ ~ ~ ~ m p a ~ s o ~ b ~ ~ - t h ~ m e ~ ~ ~ G r o u p 4 ~  -__ 

Differences between average background (least polluted) and ‘most polluted’ profiles are 
highhghted in Figure 10. Lower-tropospheric and mid-tropospheric background ozone values 
approximate 25 ppbv and 50 ppbv respectively. The enhanced profile displays values between 
70-80 ppbv for most of the troposphere. Percentage enhancements at 500 m intervals are also 
displayed in Figure 10. Throughout the troposphere, enhancements of at least 30% occur and 
are above 70% most of the time. Maximum enhancements close to 100% are experienced in 
some layers. 

Discussion and Conclusion 

Since Irene is on the boundary of zonally defined meteorological regimes, viz. tropical and 
mid-latitude zones, atmospheric conditions are influenced by a range of dynamic processes 
during different periods of the year. This is expressed in tropospheric ozone characteristics. 
Similar conclusions regarding dynamical influences o n satellite-derived tropospheric o zone 
data were drawn by Hudson et al. [2003]. 
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IT0 seasonality is characterized by a spring maximum, typical of all Southern Hemisphere 
tropical stations where biomass burning is a dominant feature, but is modulated by Irene's 
more subtropical location. Specifically, the seasonal range in TTO (< 20 DU) is less than 
tropical stations M e r  to the north and less than Reunion, which is downwind of southern 
Africa, indicating that Irene is less affected by a seasonally varying source of tropospheric 
ozone such as biomass burning. It is suggested in this paper that TTO seasonality at Irene is 
strongly influenced by a non-seasonally fluctuating source such as urban-industrial emissions 
due to its proximity to major metropolitan and industrial areas. Furthermore, the summertime 
secondary 'IT0 maximum, characteristic of Afiican stations in the tropics (e.g. Brazzaville), 
is evident only as an enhancement in mid-tropospheric layers, 4 to 8 km, again indicating the 
absence or modulation of tropical influences in the lower and upper troposphere. 

Comparison between the two time periods, viz. 1990-94 and 1998-2002 showed an increase of 
-10 ppbv in surface ozone in all seasons except in summer. The most likely contributing 
factor is an increase in urban-industrial emissions over this period. An increase in the 
domestic use of biofuels for heating in poor urban settlements is expected to account for the 
contrasts between summer and other seasons. 

Considerable day-to-day variability in the vertical distribution of tropospheric ozone was 
evident. Enhancements approaching 150-200 ppbv in the mid- and upper troposphere were 
attributed to the complexity of photochemical and dynamical contributions from both the 
tropics and the mid-latitudes. The dominance of the subtropical anticyclone facilitates the 
build-up of photochemically generated ozone and the superimposition of dynamical mid- 
latitude influences causes inter aZia, the invasion of ozone-poor maritime air f?om the west in 
association with westerly waves, increased vertical mixing resulting in less vertical 
stratification and the possibility of STE into the upper troposphere. 

The inherent variability in tropospheric ozone vertical distribution is the rationale for a 
class%cation of ozone p I - o f E I e s b ~ ~ l ~ - ~ ~ y s i s ; - - -  
of archetypal ozone profiles. A background profile, in which ozone values lay below 50 ppbv 
throughout the troposphere, provided a baseline against which the magnitude of seasonal or 
episodic enhancements could be evaluated. A 'most polluted' profile on the other hand, 
occurred mainly in spring and displayed relatively high surface ozone (> 40 ppbv), and a 
sharp near-surface increase to values between 70-80 ppbv above 2 km. Enhancements of at 
least 50% can be expected during spring, and in certain layers (-2.5 - 4 km), enhancements of 
200% occur. 
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Figure Captions 

1 .  Schematic representation of meteorological processes affecting tropospheric ozone 
over sub-equatorial Africa. Industrial, biomass burning and biogenic sources of 
ozone precursors are also shown. The locations of Johannesburg, Irene and Lusaka 
are represented by ‘T’, “I” and “L” respectively. 

2. Monthly variations in TTO (DU) at Irene for the periods 1990-1994 and 1998- 
2002 

3. Monthly variations in integrated ozone (DU) in 2 km layers above the surface at 
Irene for the periods 1990- 1994 and 1998-2002 

4. Contour of Irene mixing ratios during the SHADOZ period, 1998-2002. Mean 
Mixing ratios at 0.25 km altitude were used 

5. Mean annual and mean seasonal tropospheric ozone profiles at Irene for the 
periods 1990-1 994 and 1998-2002 

Composite plots of seasonal ozone profiles at Irene for (a) 1990-1 994 and (b) 6. 
199 8-2002 

7. Time-vs-altitude curtain of ozone mixing ratio (in ppbv) over Irene below 20 km, 
based on 0.25 km averages. Years 1999-2002 are illustrated 

8. Time sequence of ozone profiles at Irene for the period 1-1 1 September 2000 

9. Mean ozone profiles (dark line) and individual profiles for four groups resulting 
fkornaduster- analysis a t - ~ ~ ~ ~ 9 9 8 - 2 0 0 2 > - ( ~ r - ~ ~ Q ~ ~ ~ ~  

10. Comparison between background and ‘most polluted’ profiles at Irene, with 
.percentage enhancements at particular altitudes indicated on the right hand side 





N1 



Figure 3 

Blue: 1990 to 1994 
Purple: shadoz (1998-2002) 

Surface 2km 2 4  

I :r i 

4 - 6  
I 

l i  
2 5  

4 

I 

2 

I 

12 -14 

:5 

4 

I 

I 

D r  1 

6 -8 
0 

0 

8 

7 

6 

a 5  

4 

3 

2 

1 

0 
J- w UI A p  U.). In Jd Aug % od Nor Dr 

10 12 
I 

a 
9 

8 

7 

e 

2 5  

4 

3 

2 

1 

0 

0 

14 16 

I I 

I 8  



I I I I I 0 I I I I I I I 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
I 

Monthly X-sections including years 1998-2002 

4- 



Figure 5 

Annual 

Ozone [ppbv] 

Summer DJF 

16 

14 

12 

$0 

2 

5 
( u B  

2 6  

4 

2 

0 

V 

0 25 50 75 100 125 150 175 200 
Ozone [ppbv] 

Autumn MAM 

0 25 50 75 1W 125 150 175 200 
Ozone [ppbv] 

Spring SON 

16 

14 

12 

El 0 
?5 
a B  

2 6  

- 
V 

z 4  

2 

0 
0 25 50 75 103 125 150 175 200 

+E%F%zq 

16 

14 

12 

'5'0 
Y 
( U B  

- 6  c 

4 
C 

2 

U 
3 

- 

0' 
0 25 50 75 1oD 125 150 175 200 

Ozone [ppbv] 

Winter JJA 
1 

16 

14 

12 

5 



Figure 6 
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